Abstract Chemically modified starch (RS4) nanoparticles were synthesized through homogenization and water-in-oil mini-emulsion cross-linking. Homogenization was optimized with regard to z-average diameter by using a threefactor-three-level Box-Behnken design. Homogenization pressure (X 1 ), oil/water ratio (X 2 ), and surfactant (X 3 ) were selected as independent variables, whereas z-average diameter was considered as a dependent variable. The following optimum preparation conditions were obtained to achieve the minimum average size of these nanoparticles: 50 MPa homogenization pressure, 10:1 oil/water ratio, and 2 g surfactant amount, when the predicted z-average diameter was 303.6 nm. The physicochemical properties of these nanoparticles were also determined. Dynamic light scattering experiments revealed that RS4 nanoparticles measuring a PdI of 0.380 and an average size of approximately 300 nm, which was very close to the predicted z-average diameter (303.6 nm). The absolute value of zeta potential of RS4 nanoparticles (39.7 mV) was higher than RS4 (32.4 mV), with strengthened swelling power. X-ray diffraction results revealed that homogenization induced a disruption in crystalline structure of RS4 nanoparticles led to amorphous or low-crystallinity. Results of stability analysis showed that RS4 nanosuspensions (particle size) had good stability at 30°C over 24 h.
Introduction
Protecting drugs against degradation is important. Nanosized drug carriers are commonly used in drug delivery systems because their small size allows them to permeate through biological barriers (Xu et al. 2014) . Starch is a naturally occurring polymer that features bio-compatibility, biodegradability, and bio-adhesion. It is a polysaccharide that contains amylose and amylopectin (Pang et al. 2011) . Previous reports on starch nanoparticles derived from rice, cassava, and corn indicated that nano-sized starches can be used as fillers to improve the mechanical and barrier properties of biocomposites (Chivrac et al. 2009; Le Corre et al. 2010) . However, the development of nanostructures from the resistant starch RS4 has not been described in the literature. Given its specific characteristics, RS4 can be exploited as an alternative polysaccharide in nanocomposite development (Thys et al. 2008) . RS4 has been recently targeted for use in food products (Fuentes-Zaragoza et al. 2011) . RS4 is resistant to digestion because of chemical modification. This paper presents the preparation of RS4 nanoparticles.
Earlier works obtained drug-loaded nanoparticles through drug adsorption on the particle surface (Hernandez et al. 2012) . Different polymerization techniques have been used to incorporate drugs into nanoparticles. Many administration routes have been investigated for nanoparticle production; these routes include emulsion cross-linking, acid or enzyme hydrolysis of native starch granules, supercritical fluid extraction, solvent evaporation, complex coacervation, and spray drying (Liu et al. 2005) . However, the size distribution of nanoparticles prepared using these methods is broad, which results in poor targeting and low bioavailability. In addition, these methods only physically bind drugs onto the nanoparticle. This fact limits the controlled release properties of nanoparticles and increases the possibility of an uncontrolled desorption of the drug from the nanoparticle surface under certain environmental influences.
Many physical emulsification techniques, such as high shear emulsification, sonication, and high pressure homogenization, can be used to prepare miniemulsions. High pressure homogenization has been developed recently as a highly efficient emulsification technique. Compared with ultrasonication and high shear emulsification, high pressure homogenization can produce smaller droplets and better homogeneity in emulsions. The productivity of high pressure homogenization is the best among the abovementioned emulsification methods (Asua 2002) . Combining high pressure homogenization and miniemulsion crosslinking reaction may yield starch submicron particles in emulsion droplets.
Box-Behnken method with a response surface methodology (RSM) design is used to optimize output surface responses influenced by various independent input parameters (Ding et al. 2016a; Prabhu et al. 2017) . Compared with other statistical designs, Box-Behnken design contains three levels and requires few experiments; consequently, this design involves non-laborious experimental work, consumes low amounts of reagents, and easily contracts or expands in the experimental domain (Espadabellido et al. 2016 ).
The present study aimed to develop a novel emulsion cross-linking technique involving high pressure homogenization to prepare small RS4 nanoparticles. The homogenization power, oil/water ratio, and surfactant amount were optimized to achieve the most favorable size of RS4 nanoparticles by using a Box-Behnken factorial design. Finally, the particle size, polydispersity, zeta potential, crystal structure of RS4 nanoparticles and stability analysis of RS4 nanosuspensions were investigated.
Materials and methods

Materials and chemicals
RS4 was purchased from National Starch (USA). N,N 0 -methylenebisacrylamide (MBAA), K 2 S 2 O 8 , NaHSO 3 , acetic acid, Tween-80, Span-80, potassium hydroxide, potassium persulfate, sodium bisulfite were provided by Chongqing Chemical Company (Chongqing, China). Amylopectin, amylose from potato starch, pancreatin (526U/mg) from hog pancreas and pepsin (526 U/mg) from porcine gastric mucosa were purchased from Sigma (USA). All these reagents were analytical reagent grade and used without further purification.
Homogenization-assisted preparation of RS4 nanoparticles W/o mini-emulsion technique, which was previously applied to synthesize nano-size and micro-size particles (Ding et al. 2016b, c) , was used to prepare the nanoparticles. The MBAA was used as cross-linking agent while K 2 S 2 O 8 and NaHSO 3 were used as evocating agent. At the emulsification process, a high-pressure homogenizer was applied, hence, the average size of the dispersed droplets was reduced to a great extent. Figure 1 shows the flowchart for preparation of the RS4 nanoparticles. Briefly, RS4 (0.05 g) was first dissolved in a potassium hydroxide solution (10 mL, 2 mol/L) with stirring for 2 h at 45°C and added with 0.05 g of MBAA, 0.027 g of K 2 S 2 O 8 , and 0.104 g of NaHSO 3 to form the aqueous phase. Subsequently, the emulsifier was mixed using Span-80 and Tween-80 at 84:16 and was dissolved in cyclohexane at 45°C (according to Table 1 ). Then, the mixture was stirred to form the organic phase. The aqueous phase was poured into the organic phase to prepare the coarse emulsion. The coarse emulsion was subsequently homogenized in a highpressure homogenizer (ATS Ò AH-100D, BVI, Canada) at pressures ranging from 20 to 60 MPa (according to Table 1 ) for 3 min. In the end, after 12 h cross-linking and solidification reaction at 25°C with constant stirring (250 r/min), the RS4 submicron particles were collected.
In order to obtain the RS4 nanoparticles from the miniemulsion, 15% acetic acid was added to the mini-emulsion, and the mixture was centrifuged at 3000g (ALPHA1-4LSC, Christ, Germany) for 30 min. The nanoparticles obtained after centrifugation were further purified using acetone and finally washing with water and followed by spray drying (GPW120-II, China). The dry samples were packed in Ziploc bags and stored in a dryer for the next study.
Optimization using the Box-Behnken design
In this study, a three-factor, three-level Box-Behnken design was designed. These independent factors were studied at low, middle and high levels coded as -1, 0, and 1, respectively. The optimization was performed using three independent variables: homogenization pressure (X 1 ), oil/water ratio (X 2 ), and surfactant amount (X 3 ). The result for the average size (Y) was considered as the response variable. The whole experimental design matrix is shown in Table 1 .
Study of the physicochemical and functional properties
Average particle size distribution
The polydispersity index (PdI) and average size of the RS4 nanoparticles were analyzed by a Zetasizer Nano ZS (Malvern, England) . RS4 nanoparticles were diluted in DI water and measuredby the Zetasizer Nano ZS at 25°C (Ding and Kan 2016) . The PdI and weighted average particle size of the average of three mean measurements were recorded.
Zeta potential
The sample suspensions (pH 7.0) prepared by diluted samples in DI water (0.01%, w/v), and measured thezeta potential by laser doppler velocimetry using a Zetasizer Nano ZS (Malvern, England), following the method reported by Mahmoudi Najafi et al. (2016) . For each sample, the zeta potential was measured three times, and each measurement was performed for at least 12 runs.
Stability analysis of RS4 nanosuspensions
The physical stabilities of the RS4 nanosuspensions (0.1%) were carried out in accordance with the method described by Patel et al. (2016) . The RS4 nanosuspensions were obtained by dispersing 10 mg RS4 nanoparticles in 10 mL water medium, then were stored for 0, 12, 24, 48, 72 h at 30°C. The size of the RS4 nanosuspensions was determined by a Zetasizer Nano ZS (Malvern, England). RS4 nanosuspensions were sonicated for 2 min before the size measurements.
Swelling studies
Swelling studies of the samples were measured by following the method of Ding and Kan (2016) . Dried samples (200 mg) were dispersed in 30 mL of DI water for 30 min. The suspension was placed in a water bath with continuous stirring (300 r/min) at 85°C, then was centrifuged (ALPHA1-4LSC, Christ, Germany) at 4000g for 25 min. Finally, the supernatant was removed and the residue was obtained. The changes in the weight of the samples was measured and recorded. Using the formula below, the swelling percentage of the samples was determined: 
X-ray diffraction (XRD)
Amorphous/crystalline structure of dried RS4 and RS4 nanoparticles was examined by an X-ray diffraction (PERSEE, China) as described by Ding and Kan (2016) . The 2-theta (2h) temperature range from 10°to 60°at intervals of 0.02°/s was used.
Statistical analysis
All experiments were conducted in duplicate. The data were analyzed statistically using analysis of variance (ANOVA) using Minitab Release 14. Mean values were considered significantly different when p \ 0.05.
Results and discussion
Box-Behnken design analysis
Model fitting and statistical analysis
The response of RS4 nanoparticles formation, as a function of homogenization pressure, oil/water ratio, and surfactant amount was evaluated in a central composite design. The design matrix and the corresponding results with experimental and predicted responses of 17 runs obtained by Box-Behnken design are presented in Table 1 . The second-order polynomial equation describing the relationship between the significant variables and the z-average diameter of RS4 nanoparticles is given below: 
where Y is the z-average diameter of RS4 nanoparticles; and X 1 , X 2 , and X 3 are the coded terms for homogenization pressure, oil/water ratio, and surfactant amount, respectively. The p value indicates the improvement of model due to the additional terms while demonstrating the effect of the individual controlled factor on the model (Swamy and Muthukumarappan 2016) . The F-value should be high while the p value should be low for a model to be significant (Prabhu et al. 2017 ). The adjusted model has a high value of F (1248.41), which indicated that the adjusted model has a highly significant value. Also, the adjusted model has a low value of p (p \ 0.0001) that confirmed that the adjusted model was significant. The fairly high values of R 2 (0.9994) and the adjusted correlation coefficient (Adj-R 2 = 0.9986) also clearly demonstrated that the model was statistically significant. The value of C.V. = 0.51% showed that the accuracy and general availability of the polynomial model were adequate. However, the lack of fit of the adjusted model was 0.9562, which has no significance, thus, suggesting that the obtained model is an appropriate model for optimization the RS4 nanoparticle formation. The p values of the linear coefficients X 1 , X 2 , and X 3 , cross product coefficients X 1 X 2 and X 1 X 3 , and quadratic coefficients X 1 2 , X 2 2 , and X 3 2 were all lower than 0.01, hence demonstrating that they were the most significant factors among the factors influencing the response, whereas the other term coefficients were insignificant (p [ 0.05).
2D contours and 3D response surface plots
To study further the influences of the independent variables and their interactions on the response, 3D response surface plots and 2D contour plots were employed. The results are shown in Fig. 2 . Each 3D response surface plots and 2D contour plots figure shows the effects of two variables on the z-average diameter, whereas the other one was fixed at the fixed levels. Different shapes of the contour plots indicate different interactions between the variables; a circular contour plot implies that the interactions between the corresponding variables are negligible, whereas an elliptical contour plot means otherwise (Chen et al. 2012) . As shown in these figures, X 1 X 2 and X 1 X 3 significantly correlated, whereas X 1 X 3 showed no significant interaction. Figure 2A , a shows the combined effect of homogenization pressure and oil/water ratio on the particle size of RS4 nanoparticles at a constant surfactant amount. Figure 2B , b shows the interactive effect of homogenization pressure and surfactant on particle size at constant oil/water ratio. Figure 2C , c shows the interactive influence of oil/water ratio and surfactant on the particle size at constant homogenization pressure. As shown in Fig. 2 , the particle size of RS4 nanoparticles decreased with the increase in homogenization pressure and oil/water ratio, homogenization pressure and surfactant, oil/water ratio and surfactant as earlier. However, a rising trend was noted with the increased homogenization pressure and oil/water ratio, homogenization pressure and surfactant, oil/water ratio and surfactant in the experimental range.
As shown in Fig. 2A, a , B, b, the particle size decreased with the increase of homogenization pressure. Collision between droplets, which accelerated droplet breaking, became stronger with increasing pressure. Homogenization pressures lower than 30 MPa were not enough to break droplets into small and uniform emulsions and resulted in large RS4 nanoparticles (Ding et al. 2016b, c; Lamprecht et al. 2000) .
As shown in Fig. 2A , a, C, c, the particle size initially decreased and then increased with the increase of oil/water ratio. Shi et al. (2011) found that the decrease size may be due to the fact that when the water phase volume is decreased, higher power input during the emulsification process is needed to reduce the droplet size. Furthermore, at higher oil/water ratios of emulsion, the possibility of complete homogenization of the emulsion increases when higher oil/water ratios are used. In this situation relatively smaller RS4 nanoparticles will be produced compared to the ones formed from lower oil/water ratios (Antonietti and Landfester 2002) .
As shown in Fig. 2B , b, C, c, the particle size initially decreased and then increased with the increase of surfactant amount. The lowest particle size was obtained when the surfactant amount was 2 g. ''The optimal amount'' theory provides the possible explanation for this phenomenon. When the surfactant amount is insufficient to coat the entire surface area of the droplets after homogenization, the droplets aggregate with each other to reduce the surface area (Niemann and Sundmacher 2010) . By contrast, when the surfactant amount in the oil phase is excessive, the free emulsifier molecules formed within the emulsion ultimately adhere to the droplets and become covered by the excess amount of surfactant. Both of the above scenarios lead to the absorption and dispersion of emulsification energy. Antonietti and Landfester (2002) and Asua (2002) reported similar observations regarding the effect of surfactant concentration on nanoparticles.
Verification of predictive model
After carrying out the detailed experimental design to optimize the three independent variables in order to get the small average size of RS4 nanoparticles, it can be concluded that the optimum process conditions are as follows: homogenization pressure of 50 MPa, oil/water ratio of 10:1; and surfactant amount of 2 g. Using these values, we will achieve the minimized average size (303.6 nm) of the RS4 nanoparticles. Under the actual optimum extraction conditions, the experimental z-average diameter of the RS4 nanoparticles was 318.3 nm, which agreed with the predicted value. These results suggest that the response model can be used to optimize the preparation of RS4 nanoparticles (Ding et al. 2016a, b, c) .
Characterization of RS4 nanoparticles
We prepared RS4 nanoparticle using RS4 concentration of 0.05 g/10 mL, oil/water ratio of 10:1, surfactant amount of 
Particle size and zeta potential analysis
The size distribution of RS4 nanoparticles is presented in Fig. 3A. From Fig. 3A , homogenization-treated RS4 resulted in an average diameter of 318.3 nm and a PdI of 0.380. These PdI values indicate that the RS4 nanoparticles had a narrow size distribution and homogeneity. The high size reduction observed for homogenization may be associated with cavitation forces because the successive release of starch fragments from the granule surface results in a small particle size. The particle size reduction works by increasing the surface area.
As can be seen in Fig. 3B , the zeta potential measurements showed that RS4 and RS4 nanoparticles were consistently negative, and there were difference in zeta potential between the RS4 and RS4 nanoparticles. The absolute value of zeta potential of RS4 nanoparticles (39.7 mV) was higher than RS4 (32.4 mV).
XRD analysis
The XRD results of RS4 and RS4 nanoparticles are shown in Fig. 4 . RS4 showed a type A polymorph with predominant peaks appearing at 2h = 15.199°, 16.958°, 17.900°, and 22.941°. The RS4 nanoparticles subjected to homogenization did not show any peak, revealing that they were amorhic. Thus, these procedures seriously affected the repeat distance of crystalline and amorphous lamellae of starch granules. In sum, the amorphous state of the RS4 nanoparticles may play a more positive role in enhancing dissolution in vitro and internal adsorption compared with the crystalline state of RS4 in the study by Wang et al. (2011) . Therefore, we conclude that homogenization is suitable for RS4 nanoparticle production.
RS4 nanosuspensions stability and swelling analysis
The swelling of the RS4 and RS4 nanoparticles are shown in Fig. 5A . The swelling of RS4 nanoparticle and RS4 was 13.01 and 2.24%, respectively. The swelling of RS4 nanoparticle was higher than those of RS4, which might be because of the formation of smaller-sized particles and melting of crystallites after high-speed shearing. Smaller particles provided higher surface area; hence increased the swelling.
As can be seen from Fig. 5B , when the storage time was increased 0 h to 24 h, no significant changes were obtained in the average size of RS4 nanosuspensions. This slight increase in the average size was caused by the ability of RS4 nanoparticles to imbibe moisture and expand (swelling) while in water medium at 30°C. Shi et al. (2011) also reported that some swelling of starch nanoparticles occurred when dispersed in water medium, which increased the mean particle size. In conclusion, the RS4 nanosuspensions showed good physical stability over the 24 h at 30°C, indicating good shelf-life characteristic.
Conclusion
The present study demonstrated that homogenization combined with w/o miniemulsion cross-linking technique is a useful method to prepare and optimize RS4 nanoparticles. The application of a three-factor, three-level BoxBehnken experimental design combining RSM and quadratic programming was successful in reaching the global optimal solution for minimizing the z-average diameter of RS4 nanoparticles by high-pressure homogenization. DLS experiments revealed small size distribution of RS4 nanoparticles. XRD indicated that homogenization destroyed the crystalline structure of the RS4 nanoparticles. Stability analysis revealed that the particle size of RS4 nanosuspensions remained unchanged over 24 h at 30°C. The prepared RS4 nanoparticles could be extensively used in biomedical applications and in the development of new medical materials.
